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ABSTRACT 
 
Objective:  
To evaluate the predictability of virtual orthodontic setup technology by comparing it 
with posttreatment models in terms of ABO Model Grading System (ABO OGS) scores.  
 
Materials and Methods:  
Posttreatment models and printed virtual setups made from the corresponding initial casts 
of 26 cases were used. The initial models were scanned and virtual setups were fabricated using 
a proprietary virtual setup software program. Evaluation of the printed models of the virtual 
setups and final mode ls was performed using the ABO OGS.  
 
Results:   
We found statistically significant differences (p<0.001) between the posttreatment plaster 
models and the printed virtual setup models in total scores, marginal ridges (MR), buccolingual 
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inclination (BLI), occlusal contacts (OC), occlusal relationship (OR), and interproximal contacts 
(IPC) (p<0.05). The only statistically significant correlations found were in alignment (A) and 
marginal ridges (MR) measurements although they were low positive correlations.  
 
Conclusions:   
The greatest difference between final treatment models and virtual setup models was in 
the OC due to overlapping of the occlusal surfaces in the virtual setup software. Printed models 
of virtual setups can be predictive in A and MR measurements. Overall, the 3-dimensional 
printed virtual setup models had better MR, BLI, and IPC, worse OC, OR, and total score, and 
equivalent A and OJ when compared to the posttreatment plaster models. 
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INTRODUCTION 
 The goal of orthodontic treatment is to improve a patient’s malocclusion. In order for 
orthodontic treatment to be successful, extensive diagnosis and treatment planning is necessary. 
Essential information for diagnosis and treatment planning is obtained from comprehensive 
diagnostic records.  
The Clinical Practice Guidelines for Orthodontists and Dentofacial Orthopedics, 
published by the American Association of Orthodontists (AAO) in 2003, included a list of basic 
orthodontic records. The AAO recommends that extraoral and intraoral photographs, intraoral 
and/or panoramic radiographs, cephalometric radiographs, and dental models should be included 
in pretreatment and posttreatment records, in addition to any other indicated tests or procedures.1 
While each clinician’s exact set of records varies, study models are an integral part of the 
orthodontist’s armamentarium. In an investigation of the consistency of orthodontic treatment 
decisions relative to diagnostic records, Han and others2 determined that study models alone 
provided adequate information in the majority of cases (55%). They also found that the addition 
of other diagnostic records, such as photographs and radiographs, made little difference in the 
treatment planning.  
In the early 1700s the practice of taking dental impressions and forming study models 
using Plaster of Paris was introduced.1 In the early 1900s the use of hydrocolloid alginate 
revolutionized dental impression taking. Over time, improvements to these materials and 
introduction of materials like polyvinylsiloxane have made impressions more accurate and 
stable. Irreversible hydrocolloid alginate impressions to create plaster casts still remains the most 
common in orthodontic offices.1  
Plaster models have historically been considered the ‘gold standard’ in orthodontics for 
many years3, yet they have many limitations. Digital models, which recent technological 
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advances have made more available to practitioners, alleviate many of the problems encountered 
with the use of plaster models1 (Table 1). (For purposes of discussion, the terms ‘digital’ and 
‘virtual’ are interchangeable). Physically, plaster models are fragile, require messy clinical and 
lab work to produce, and require a large amount of storage space as practitioners are required to 
keep initial and final models of all cases for a number of years, and in some states even for the 
life of the practice. While digital models avoid all of these issues, they also introduce several 
other advantages. Digital models can be accessed by the practitioner from multiple sites, even 
remotely, and can be transferred to other professionals for collaboration or consultation on a 
case, education, or research.4   
 
 
 
Diagnostic measurements have traditionally been made on plaster models; however, with 
their increasing popularity, 3-dimensional digital models are now being used and measured with 
software tools. Multiple studies have reported that while statistically significant differences in 
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diagnostic characteristics were found, the degree of the changes recorded when using digital or 
plaster study models were minor and considered clinically insignificant.3 Measurements that 
showed statistically significant but clinically irrelevant differences in some studies were molar 
and cuspid classifications, mandibular crowding, overjet, overbite, tooth size, and maxillary 
space analysis measurements.3,5,6 Other studies showed no statistically significant difference in 
measurements including overjet, tooth size, alignment, marginal ridges, interproximal contacts, y 
plane measurements from the mesiopalatal cusp tip of the upper second molar to various cusp 
tips, clinical crown height of all teeth, and intercanine, intermolar, and interpremolar arch 
widths.7–9 (Table 2).3,5,6,8–11 Even though measurements made on plaster casts with digital 
calipers were the most accurate and repeatable, digital measurements on 3-dimensional digital 
casts were also considered reliable and reproducible. Additionally, measurements of digital 
models and plaster models showed good agreement.8,9  
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Digital models can be obtained in several different ways, including intraoral scans of the 
patient’s teeth, scans of existing plaster models, scans of alginate or polyvinylsiloxane 
impressions, holography, and photostereometric technique. Digital measurements on scanned 
stone casts appear to be more accurate than digital measurements made on scanned impressions. 
Intraoral scanning may be difficult due to the potential of patient movement during scanning.12 
On the other hand, any inaccuracies or distortion present in plaster models or impressions are 
carried over into the digital scans of these models. Güth and others13 showed that direct 
digitalization of teeth with an intraoral scanner showed statistically significantly higher accuracy 
compared to the conventional procedure of impression taking and indirect digitalization.   
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In addition to being used for collecting data measurements, digital models can also be 
used to generate treatment setups. Traditionally, orthodontic setups are created by sectioning the 
teeth from the plaster model then aligning and remounting them using wax according to a 
proposed treatment plan.14 The traditional plaster and wax setup is a tedious laboratory 
procedure; using digital models to create 3-dimensional virtual setups can eliminate the lab work 
necessary to create predictions of orthodontic treatments. Diagnostic setups are usually limited to 
the clinically present crowns of teeth.15 The missing tooth structure includes both the subgingival 
root structure as well as interproximal surfaces where the teeth are in contact or too close to 
capture.16 Additionally, it is difficult to accurately predict treatment results with setups in mixed 
dentition cases because the unerupted permanent teeth are subgingival and cannot be accurately 
included in the setup.17  
The process of creating a virtual setup starts with a digital model of the dentition. Each 
virtual setup software program has a different algorithm that follows a series of steps to move the 
sectioned teeth to their desired final location. Individual teeth are electronically sectioned using 
an algorithm that recognizes interproximal embrasures and gingival lines around each tooth.15 
The technician then moves the teeth to a clinically and esthetically acceptable final position 
based on the orthodontist’s prescription.16 In setup software that is associated with straight wire 
mechanics, orthodontic brackets are used to affix the teeth to the arch wire. The bracket 
positioning is determined by the final desired position of the teeth, so that the final setup is 
aligned along the straight wire arch form. Bracket and arch wire prescriptions are chosen by the 
orthodontist in the setup preparation.17 Once the technician has completed the virtual setup the 
orthodontist has the opportunity to request or make changes before approval.  
Virtual setups of treatment plans can offer significant benefits to orthodontists. The 
orthodontist can evaluate the virtual setup of a proposed treatment plan before deciding on a plan 
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or beginning treatment. Because the initial model and setup are digital, virtual setups of multiple 
treatment plans can be compared much more easily than with plaster models and wax setups. 
Additionally, the virtual setup can be used to illustrate proposed treatment outcomes to 
patients.16,17 A virtual setup can be used throughout treatment as an objective reference to 
compare progress of the treatment to the treatment goals. The ability to compare the planned 
virtual treatment with the actual physical treatment is an important factor.  
 
The American Board of Orthodontics Model Grading System  
In 1999, the American Board of Orthodontics (ABO) officially implemented the 
objective grading system (OGS) as a tool to assess the adequacy of finished orthodontic cases. In 
2007 the ABO updated their language changing “Objective Grading System” to “Model Grading 
System” yet kept the same abbreviation (ABO OGS).18 The Model Grading System contains 
eight criteria, seven involve the critique of dental casts and the eighth includes evaluation of the 
root angulation on the panoramic radiograph.  
The seven areas of model analysis are: alignment, marginal ridges, buccolingual 
inclination, occlusal relationships, occlusal contacts, overjet, and interproximal contacts. 
Alignment (Figure 1) is characterized by coordination of alignment of incisal edges in the 
anterior, buccal cusps in the mandibular posterior, and central grooves in the maxillary posterior. 
Marginal ridges (Figure 2) of adjacent posterior teeth should be at the same level or within 
0.5mm, not including the canine-premolar contact or the distal of the lower first premolar. 
Buccolingual inclination (Figure 3) is measured by placing a flat surface across the occlusal 
surfaces of posterior teeth, the mandibular first premolars and the distal cusps of the second 
molars are not included. The buccal cusps of mandibular posterior teeth should contact the flat 
surface and the lingual cusps should be within 1mm of the surface. The lingual cusps of the 
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maxillary posterior teeth should contact the straight edge and the buccal cusps should be within 
1mm of the flat surface. For the occlusal contacts (Figure 4) the buccal cusps of the mandibular 
molars and premolars and the lingual cusps of the maxillary molars and premolars should contact 
the occlusal surfaces of the opposing teeth. The occlusal relationship (Figure 5) evaluates if the 
case is finished in an Angle Class I relationship. The mesiobuccal cusp of the maxillary molars 
should align with the buccal groove of the mandibular molars. The buccal cusps of the maxillary 
premolars should align with the embrasures of the mandibular premolars and first molar. The 
maxillary canine cusp tip should align with the embrasure between the mandibular canine and 
adjacent premolar. With proper overjet (Figure 6) the buccal cusps of the mandibular posterior 
teeth will contact in the mesio-distal center of the maxillary occlusal surfaces, and the 
mandibular canines and incisors will contact the lingual surfaces of the maxillary canines and 
incisors. The interproximal contacts (Figure 7) should all be closed, there should be 0.5mm or 
less space present in between the mesial and distal surfaces of the teeth.  
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Each criteria is graded using the ABO measuring guide (Figure 8). To evaluate an 
individual case as Complete, the score for the Model Grading System may range from 27 or 
less.18  
 
 
  
OBJECTIVES  
With the increased adoption of digital imaging techniques by dental practitioners, 
including the use of digital models and virtual setup software, this study aimed to evaluate the 
predictability of digital orthodontic setup technology by comparing it with posttreatment models 
in terms of ABO Model Grading System scores.  
 
HYPOTHESIS  
 Our null hypothesis is that there is no difference between the ABO OGS scores of virtual 
setups and posttreatment models.  
 
MATERIALS AND METHODS 
Original sample size calculation was based on two studies examining digital models.19,20 
For 80% power, 5% level of significance, a sample of 30 subjects/cast sets would be required 
to detect a statistical significance if there was a mean difference of 1.5 mm between the digital 
and plaster groups. Sample size was calculated using SAS 9.4 software. 
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The approval of the Institutional Review Board (IRB) of the Boston University Medical 
Campus was obtained. 
 Thirty posttreatment plaster dental casts were selected from the Boston University School 
of Dental Medicine Department of Orthodontics. In the course of the study, four cases were 
eliminated due to problems with the printed virtual setup models, resulting in a total final sample 
size of 26 cases. [A post hoc power analysis was done to ensure efficient power for this study, 
refer to discussion on page 15]. The dental casts were obtained from patients who had completed 
comprehensive orthodontic treatment. Selection of subjects was based solely on the 
posttreatment models. To be included in the study, the posttreatment casts had to have an ABO 
Model Grading System score of 27 or less, not including root angulation. The posttreatment casts 
were graded by a calibrated examiner for the ABO Clinical Boards Examination (DB). Both 
pretreatment and posttreatment casts had to be in acceptable condition (no missing or broken 
teeth, no obvious repairs or blebs, and trimmed to ABO standards) and free of distortion. No 
duplicates of dental casts were selected, there was no consideration about age, sex, or teeth 
present at time of pretreatment casts.  
 The calibrated ABO examiner gathered the pretreatment and posttreatment casts as well 
as the clinical treatment plan: non-extraction or extraction (including specific teeth extracted) or 
surgery. He then deidentified the data set before transferring pretreatment casts and treatment 
plans to the PI (MT), only he was able to access the key. The posttreatment models were not 
examined by the PI before completion of virtual setups to prevent bias.  
 The pretreatment plaster casts were scanned with the iTero digital scanner and stored as a 
3-dimensional digital file (.3dm) in OrthoCAD (Align Technology, San Jose, CA). These initial 
digital models were converted to a stereolithography file format (.stl) to be imported to a 
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proprietary virtual setup software program (ARCAD Lab, West Palm Beach, FL) to create the 
virtual setups (Figure 9).  
The virtual setups were initially fabricated by the technician according to the individual 
treatment plan determined for each case. All setups were determined and approved by the 
investigator. The treatment goals determined by the investigator included alignment, closure of 
all spaces, anterior teeth in contact, 2mm overbite, and Class I canine and molar. Because it was 
required by the virtual setup software, the selected brackets were GAC BiDimensional 
prescription (0.018” slot in the anterior and 0.022” in the posterior) and the selected arch wire 
form was GAC ideal (Dentsply GAC, Islandia, NY). Due to the limitations imposed by the 
software once the arch wire form was selected, it was no longer customizable. The virtual setup 
software program uses several algorithms to create the setups, the most important automatically 
aligns the teeth and brackets to the arch wire form selected and expresses the bracket torque on a 
straight finishing wire.  
The virtual setups were then converted to a printable file format and printed using 
stereolithography apparatus (SLA) printing technology on a Form 2 Printer (Formlabs Inc., 
Somerville, MA). The virtual setups were printed in clear photopolymer resin with 100 micron 
layer thickness.  
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The 3-dimensional printed virtual setups were then scored using the ABO Model Grading 
System excluding root angulation score. The ABO OGS scores of the posttreatment models were 
adjusted to exclude any points resulting from teeth not present on the pretreatment models and 
therefore missing from the virtual setups. Also, any teeth not erupted enough on the pretreatment 
models to be bracketed in the virtual setup software were excluded. Alignment (A), marginal 
ridges (MR), buccolingual inclination (BLI), occlusal contacts (OC), occlusal relationship (OR), 
overjet (OJ), and interproximal contacts (IPC) were measured on each posttreatment model and 
printed virtual setup in addition to calculating a total score (Figure 10).  
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Statistical Analysis 
 All data were entered into a data file for statistical analysis. Paired T-tests were used to 
compare the difference in each variable (total score, alignment, marginal ridges, buccolingual 
inclination, overjet, occlusal contacts, occlusal relationship, and interproximal contacts) between 
the posttreatment plaster models and the printed virtual setup models (p<0.05). A detailed 
analysis of the data was conducted by using the Spearman correlation test to determine 
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statistically significant correlations between posttreatment plaster models and 3-dimensional 
printed virtual setups. 
 
RESULTS 
Comparison of the ABO Model Grading System scores showed that in general, the 3-
dimensional printed virtual setup models had more point deductions than did the posttreatment 
plaster models.  
Paired t-tests showed statistically significant differences (p<0.001) between the 
posttreatment plaster models and the printed virtual setup models in total scores (–7.96), 
marginal ridges (1.62), buccolingual inclination (3.23), occlusal contacts (–9.88), and occlusal 
relationship (–3.00). The interproximal contacts were also found to have statistically significant 
differences (0.27) but the statistical significance was not a great as the five previously listed 
criteria (p<0.05) (Table 3). The total scores were significantly higher in the printed virtual 
setups. The greatest mean difference between final treatment models and virtual setup models 
occurred between the scores for occlusal contacts. The printed virtual setups had significantly 
more points scored in the area of occlusal contacts than the posttreatment models. The scores for 
marginal ridges, buccolingual inclination, and interproximal contacts were lower for the printed 
virtual setups.  On the other hand, no statistically significant difference was found in the scores 
for alignment or overjet. With the least mean difference occurring in alignment (–0.04).  
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The Spearman Correlation test showed a great deal of differences between the ABO 
Model Grading System scores for the clinical posttreatment models and the printed virtual setups 
(Table 4). At p < 0.05 the only statistically significant correlations found were in alignment and 
marginal ridges measurements (p = 0.02 and p = 0.03 respectively) although they were low 
positive correlations (0.47 and 0.42 respectively). There were minimal differences found 
between the scores for interproximal contacts; however, a correlation coefficient could not be 
calculated due to the fact that the value for the interproximal contacts in the virtual setup models 
was 0, because there were no points scored in this criteria for any of the virtual setups. In other 
words, there were no interproximal spaces greater than 0.5mm on any of the virtual setups. When 
the cases were divided by non-extraction and extraction no statistically significant correlations 
were found in the non-extraction cases (Table 5). In the extraction cases, only the alignment 
variable significantly correlated (p = 0.02) and there was a moderate positive correlation (0.69) 
(Table 6).  
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DISCUSSION 
Our final sample size ended up as 26 cases (15 non-extraction and 11 extraction). While 
the sample size gathered consisted of 30 patients, throughout the study we were unable to 
complete the ABO grading of four casts due to issues with the 3D printed setups, therefore these 
cases were excluded. For example, two of the printed setups arrived with at least one cast broken 
(Figure 11).  
 
 
  
Due to this change in our planned sample size, we conducted post hoc power analysis 
specific to our study. This power analysis revealed that the paired t-test for the total score, 
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marginal ridges, buccolingual inclination, occlusal contacts, and occlusal relationship variables 
shows a power of more than 90%. However the alignment, overjet, and interproximal contacts 
variables show a power of 0.5, 0.4, and 0.3, respectively. In the latter, there is a type II error only 
in interproximal contacts (rejecting the null hypothesis when it is false), since the p-value is 
significant. The interproximal contacts value was 0 in the virtual setup, which will automatically 
cause some type of miscalculations in the model (i.e. paired t-test). In cases such as this, the 
author usually relies on the most conservative power in a variable that is significant (i.e. MR, 
BLI, OC, and OR). All of these variables show a power of >90%.  
We could also handle this another way and define a main outcome variable (i.e. total 
score - since it is a sum of all variables) and use its power (>90%) to generate an overall power 
for the study. Therefore, our sample size of 26 cases was able to generate a power of greater than 
90% for this study.  
When we compared the posttreatment plaster models and the 3-dimensional printed 
virtual setup models, we found statistically significant differences for total scores, marginal 
ridges, buccolingual inclination, occlusal contacts, occlusal relationship, and interproximal 
contacts. A statistically significant difference in ABO OGS scores between plaster and digital 
models and setups has been reported in several articles.  
Fabels and Nijkamp found significant differences in the ABO OGS scores between 
digital setups of the same initial models made by one clinician, and digital setups of the same 
initial model made by different clinicians.21 Differences in total ABO OGS scores between the 
posttreatment model and virtual setup ranged from 0 to 26 points in our study. Israel et al22 also 
used ABO OGS scores to compare traditional and computer-aided (OrthoCad iQ) indirect 
bonding placement. In their study, the total score also ranged a great deal (up to 22 points); 
however, they did not include interarch components.  
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In other studies, significant ABO OGS score inaccuracies were explained predominantly 
by interarch components: occlusal relationships, occlusal contacts, and overjet.21 Im et al20 
showed that larger deductions for overjet, occlusal contact, and total score were required for the 
digital than for the manual setup model. Okunami et al7 showed significant differences between 
the plaster and digital casts for occlusal contacts, occlusal relationships, and total scores.  
In our study the greatest mean difference between final treatment models and virtual 
setup models occurred between the scores for occlusal contacts. The occlusal contact criteria 
differed by 0 to 21 points, whereas each of the other criteria only differed 9 or fewer points. The 
printed virtual setups had significantly more points scored in the area of occlusal contacts than 
the posttreatment models. Therefore, the substantial points scored for occlusal contacts greatly 
affected the range of differences found in the total scores.  
There was a major problem encountered during this study that serves to explain the 
differences found in occlusal contacts. In the virtual setup interface an occlusogram is used to 
check occlusal contacts when approving setups (Figure 12). Unlike a physical setup, or even 
intraoral occlusion, the virtual setup software allows occlusal contact points to virtually overlap 
each other without causing separation of the occlusal surfaces. Therefore, areas marked in the 
occlusogram as red, signifying contact points that are overlapping 1.0mm, are actually the points 
in contact at 0.0mm when the virtual setups are printed, causing the green areas marked as 
ideally contacting (0.0mm) on the occlusogram to be out of contact on the printed setups (Figure 
13). So while this software does have collision detection, it does not have collision prevention, or 
prevention of self-intersections. The ABO requires that the mesh topology of digital models must 
have no self-intersections. In other words, one triangle of the manifold mesh topology must not 
“pass through” the face of another triangle.23   
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There were also issues encountered with the 3-dimensional printed virtual setups 
themselves. First, there was no cast orientation reference for the occlusion of the casts. 
Therefore, the orientation of the casts in occlusion was arbitrary, which is contrary to the 
standards for orthodontic casts.  
The virtual setups were printed by layering of clear resin. In agreement with what Knox 
et al9 demonstrated, we also realized that model translucency made landmark identification 
difficult (Figure 14). To overcome this difficulty, we marked the clear resin setup models with 
black ink in certain locations to assist with ABO model grading (Figure 15). In order to be 
accepted by the ABO, 3D-printed steriolithic models should be printed with a non-translucent / 
non-transparent material.23   
Knox et al also demonstrated that layering of resin in the creation of models resulted in 
some loss of surface detail, particularly at the cervical margin, that errors can be introduced 
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during building and post-curing, and that distortion can result from the conversion of the digital 
model to a printable file format.9 Any time a file is converted to a different format there can be 
data loss during this file format conversion.  
We noted differences in the quality of our printed setups between the first 10 cases and 
the following 16 cases received from the lab. The second batch of printed setup models had more 
roughly trimmed edges, missing structure, inclusions, and processing artifacts (Figure 16). 
During the time when the lab was printing the second batch of models they reported delays due 
to needing printer repairs.  
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In addition to the change in quality of printed setups following the first 10 cases, we also 
had a change in results. The first 10 cases (6 non-extraction and 4 extraction) were evaluated in a 
pilot study. In the results of this pilot study, we found statistically significant high positive 
correlation (p < 0.001) between the final models and virtual setups in overall ABO scores, 
alignment, marginal ridges, overjet, occlusal contacts, occlusal relationship, and interproximal 
contacts. The only non-significant correlation was in the buccolingual inclination (p = 0.2) 
(Table 7). In the non-extraction grouping, there was only statistically significant high positive 
correlation in overall ABO scores, alignment, and marginal ridges scores (Table 8). However, in 
the extraction cases there was statistically significant high positive correlation in all variables 
(Table 9). 
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 Based on the findings of this pilot study, we had concluded that virtual setups were 
predictive for overall ABO scores that can be reliably reproduced in orthodontic treatments 
especially in extraction cases. However our full data set showed different results.  
Due to these findings, we performed additional testing to determine if there was 
distortion in the second batch of printed setups. To test whether or not we had statistically 
significant distortion in the second batch of printed setups we compared tooth size measurements 
between the pretreatment models and printed virtual setups from the first and second batch of 
printed setups. The mesial-distal width and the occlusal-gingival height of the upper right 
central, upper left lateral, upper right first premolar (or second premolar if the first premolar was 
extracted), and upper left first molar on both the pretreatment casts and the corresponding printed 
virtual setups were measured. Subjects from the first batch and second batch of printed subjects 
were chosen at random. Paired T-tests were used to compare the difference in each set of 
measurements. No significant differences were found in any of the measurements between the 
plaster models and printed setups in either set (Table 10). Due to these results, we can rule out 
model distortion in the printed virtual setups and data loss during the conversion of the files from 
.3dm to .stl formats. Furthermore, we can safely infer that the majority of score differences was 
due to the presence of self-overlapping in the virtual setup software.   
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Overall, the virtual setups produced models that scored statistically significantly lower in 
the areas of marginal ridges, buccolingual inclination, and interproximal contacts. There are 
many possible reasons for these findings. First, none of these measurements require interarch 
coordination. Second, the Arcad VSi software has tools designed to clearly check for the 
resulting outcome in these areas, as well as alignment, which we found to show no statistically 
significant difference (Figure 17).  
 
 
 
Although problems were encountered with the virtual setup software program, as well as 
with the printed virtual setups, there are still many potential benefits. The development of 
orthodontic setup software is still in its early stages; as the user’s experience, software 
capabilities, and printing accuracy increase, it can influence the predictability of orthodontic 
setups in a positive way. Many studies can be conducted in the future with the Arcad VSi 
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software, as it is continually being improved and updated, as well as with other virtual setup 
software to further test the predictive abilities of virtual setups.  
Following the completion of this study, we have gathered many recommendations for 
future studies of this subject. First, in terms of subject collection, having all permanent teeth 
present on the pretreatment models would allow for the fabrication of more accurate virtual 
setups because any missing teeth on the initial models cannot be accurately predicted in the 
virtual setups. Errors may also have been included in this study if there was any unknown 
distortion or inaccuracies present on the initial models that were scanned to create the virtual 
setups; future studies may choose to use direct intraoral scans of the pretreatment dentition to 
avoid these errors. In terms of software recommendations, the virtual setups could be much more 
reliable if the virtual setup software itself had the ability to evaluate the ABO criteria. 
Additionally, software with collision prevention in the area of occlusal contacts would be greatly 
beneficial. Although only one setup software program was evaluated in this study, future 
research should evaluate other available setup software programs, which may reveal different 
results. With regard to the printed virtual setup models, non-translucent models with an occlusal 
reference would significantly improve the accuracy and ease of landmark identification, 
measurement, and evaluation.  
 
CONCLUSIONS 
 From the results of the study, the following conclusions can be drawn:  
- Depending on the techniques used, the detail and accuracy of printed virtual setups, 
created from digital data, may not be sufficient for certain applications. 
- Printed models of virtual setups can be predictive in alignment and marginal ridges 
measurements.   
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- There were significant differences between the posttreatment plaster models and the 
printed virtual setup models in all criteria except alignment and overjet.  
- The greatest difference between final treatment models and virtual setup models was 
in the occlusal contacts due to overlapping of the occlusal surfaces in the virtual setup 
software.  
- Overall, the 3-dimensional printed virtual setup models had better marginal ridges, 
buccolingual inclination, and interproximal contacts, worse occlusal contacts, 
occlusal relationships, and total score, and equivalent alignment and overjet when 
compared to the posttreatment plaster models.   
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APPENDIX A 
Posttreatment Plaster Models Data:  
TP, Treatment Plan  
ABO Model Grading System (ABO OGS) measurements:  
Score, Total ABO OGS score; A, Alignment; MR, Marginal Ridges;  
BLI, Buccolingual Inclination; OJ, Overjet; OC, Occlusal Contacts;  
OR, Occlusal Relationship; IPC, Inteproximal Contacts.  
All measurements have been adjusted to exclude any points resulting from teeth not present on 
the pretreatment models (and therefore missing from the virtual setups).  
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APPENDIX B 
Printed Virtual Setups Data:  
TP, Treatment Plan  
ABO Model Grading System (ABO OGS) measurements:  
Score, Total ABO OGS score; A, Alignment; MR, Marginal Ridges;  
BLI, Buccolingual Inclination; OJ, Overjet; OC, Occlusal Contacts;  
OR, Occlusal Relationship; IPC, Inteproximal Contacts.  
All measurements have been adjusted to exclude any points resulting from teeth not present on 
the pretreatment models (and therefore missing from the virtual setups).  
 
 
12,24–37 
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APPENDIX C.  
Model Distortion Data:  
The teeth measured were the upper right central incisor (UR1), upper left lateral incisor (UL2), upper 
right first premolar* (UR4), and upper left first molar (UL6).  
 *except when the UR4 was extracted, in that case the UR5* was measured.  
M-D Width of incisors and premolars is measured from marginal ridge to marginal ridge. M-D Width of 
molars is measured from MB cusp tip to DB cusp tip.  
O-G height of centrals and laterals is measured at the center of the tooth (bisecting the M-D measured 
width). O-G height of the premolars and molars is measured from cusp tip to gingival apex.  
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APPENDIX D. ABO Cast-Radiograph Evaluation Worksheet  
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APPENDIX E. ABO Cast-Radiograph Evaluation Reference  
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